ABSTRACT
INTRODUCTION
Congenital diaphragmatic hernia (CDH) is a major fetal anomaly, with a postnatal mortality rate varying from 15% to 50% [1] [2] [3] [4] . Cases of left-sided CDH have a higher incidence and a better outcome than do cases of right-sided CDH 5 . However, the prognosis of prenatally detected left-sided CDH is greatly influenced by various factors, including the presence of additional anomalies, the severity of pulmonary hypoplasia and liver herniation in the fetal chest [5] [6] [7] [8] [9] [10] [11] . In particular, among cases of isolated left-sided CDH, liver herniation has been shown to impact negatively on the outcome, irrespective of the degree of contralateral pulmonary hypoplasia [9] [10] [11] [12] [13] . However, the accuracy of antenatal ultrasound in detecting intrathoracic liver herniation is suboptimal 10, [14] [15] [16] . Liver position is more accurately assessed by magnetic resonance imaging (MRI) than by ultrasound owing to the similar echogenicity of liver and lung 15, 16 . Over the last few years several sonographic signs have been shown to indicate the onset of liver herniation in fetuses with left-sided CDH, including the course and location of the umbilical vein and liver vessels [17] [18] [19] . More recently, in a large group of fetuses with CDH, Richards and Kays 20 quantified the bowing of the umbilical vein on two-dimensional (2D) ultrasound, and found that this was significantly different in cases of liver herniation.
The aim of our study was two-fold: (1) to objectify the degree of umbilical vein bowing on three-dimensional (3D) ultrasound by the introduction of the umbilical vein deviation angle (UVDA); and (2) to assess whether this parameter can be used for the identification of intrathoracic liver herniation in fetuses with left-sided CDH.
METHODS
Between December 2009 and December 2015 we performed a prospective multicenter observational study in a consecutive series of fetuses with isolated left-sided CDH, referred to the fetal medicine units of the University of Parma and Di Venere Hospital of Bari, Italy. All patients provided written informed consent. All ultrasound scans were performed using a Samsung WS80 machine (Samsung Medison, Milan, Italy) and a Voluson E8 machine (GE Medical Systems, Zipf, Austria), both equipped with a multifrequency 3D probe . At the time of referral, an ultrasound volume dataset of the fetal abdomen was acquired and stored on the hard drive of the machine. The acquisition was performed starting from the axial plane of the fetal abdomen at the level of the abdominal circumference. The volume box was adjusted to include the fetal abdomen, and the resolution was set to maximum. The angle of volume sampling was between 60
• and 75
• according to gestational age, in order to include both the fetal abdomen and the lower thorax in the volume. Offline analysis of the volume was subsequently performed by two independent investigators (N.V. and T.F.), who were blinded to the clinical outcome in each case, and the UVDA was calculated as the angle between the following two lines (Figure 1 ): (1) a line starting from the center of the vertebral body and running tangentially to the intra-abdominal convexity of the umbilical vein; (2) the midline of the abdomen starting from the center of the vertebral body.
Cases with additional structural anomalies detected on antenatal ultrasound were excluded from the study group.
We selected a control group of normal fetuses, matched for pregnancy characteristics, in particular gestational age, in a ratio of 1:4. In this latter group a fetal volume dataset was acquired and the UVDA measured as described above. Pregnancy dating was based on the date of the last menstrual period but, in cases of discrepancy with the ultrasound dating of 7 days or more in the first trimester, the due date was changed according to the ultrasound measurement, as recommended by our national guidelines.
Neonatal follow-up was obtained and only cases with isolated left-sided CDH confirmed after birth were included in the study population. In this group the position of the liver was investigated at surgery or postmortem evaluation. Neonatal outcomes were also collected for the control group in order to exclude the presence of undetected major fetal anomalies.
Statistical analysis
Statistical analysis was performed using the Statistical Package for Social Sciences (SPSS) v. 22.0 (IBM Inc., Armonk, NY, USA). The ANOVA one-way test was used to compare UVDA values between the CDH group and controls, and between CDH liver-up vs liver-down cases. Demographic features are given as mean ± SD or n (%), and were compared using Student's t-test or chi-square test for continuous and categorical variables, respectively. Intra-and interobserver agreement in UVDA measurements were determined using Pearson's correlation coefficient (Pearson's r), intraclass correlation coefficient (ICC), expressed as the 2-way mixed-effects, and Lin's concordance correlation coefficient 21 . The first measurement by the same operator (N.V.) was used for all subsequent analyses. A receiver-operating characteristics (ROC) curve was constructed to identify the cut-off value of the UVDA with the highest accuracy in predicting liver herniation in the CDH group; we considered P < 0.05 to indicate statistical significance.
RESULTS
During the study period 25 fetuses with an antenatal diagnosis of apparently isolated left-sided CDH were considered eligible for the study. In three cases, postnatal outcome was not available, as patients were lost to follow-up, leaving 22 cases for the analysis; the control group comprised 88 normal fetuses. Demographic and clinical details of the study population are given in Table 1 .
Among the 22 cases with isolated left-sided CDH, the parents opted for termination of pregnancy in five (22.7%), and intrauterine fetal death occurred in three (13.6%). In the remaining 14 pregnancies the neonate was delivered alive, but there was one case of neonatal death. All 88 neonates included in the control group showed no evidence of congenital anomaly at birth.
In the overall population with left-sided CDH, the liver was diagnosed as 'up' in nine cases (40.9%) at surgery or pathology.
UVDA measurement was feasible in all cases and showed excellent intra-and interobserver reproducibility using Pearson's r (r = 0.97 (95% CI, 0.92-0.99); P < 0.001 and r = 0.97 (95% CI, 0.93-0.98); P < 0.001, respectively), ICC (0.98 (95% CI, 0.97-0.99); P < 0.001 and 0.98 (95% CI, 0.97-0.99); P < 0.001, respectively) and Lin's concordance correlation coefficient (0.97 (95% CI, 0.95-0.98) and 0.96 (95% CI, 0.95-0.97), respectively). The time required for each operator for offline calculation of the UVDA remained below 5 min in all cases.
As shown in Figure 2 , in fetuses with left-sided CDH compared with controls the UVDA was significantly wider (15.25 ± 7.91
• vs 7.68 ± 1.55 • ; P < 0.0001). Moreover, among the affected fetuses, the UVDA was wider in cases with liver-up than in those with liver-down (21.77 ± 8.79
• vs 10.75 ± 2.10 • ; P < 0.0001).
On ROC-curve analysis UVDA gave an accurate prediction of liver herniation (area under the ROC curve, 0.94; P < 0.0001), with a sensitivity of 89% and a specificity of 100% at a cut-off value of 15.2
• (Figure 3 ). Figure 4 shows a scatterplot of UVDA against gestational age, on which has been drawn the line representing the cut-off value. The liver-up case falling below the cut-off line (false negative) was described by the surgeon involved as showing a 'small amount' of liver passing through the diaphragmatic defect and entering the patient's thorax. This could possibly be related to the late occurrence of Data are presented as mean ± SD, n (%) or n/N (%). *There was one neonatal death in the CDH group. †Termination of pregnancy (TOP) and intrauterine death (IUD) (n = 8) excluded from congenital diaphragmatic hernia (CDH) group. herniation (after the referral scan when the UVDA was measured), or to a lower sensitivity of UVDA in cases of a small liver herniation.
DISCUSSION
Our study shows that 3D antenatal ultrasound can be used to predict liver herniation in fetuses with isolated left-sided CDH. More specifically we have found that the risk of liver herniation is significantly correlated with the sonographic measurement of umbilical vein bowing. This latter finding may be accurately quantified by measuring the UVDA by 3D ultrasound, which seems to yield very good intra-and interobserver reproducibility. In our series of fetuses with prenatal diagnosis of isolated left-sided CDH, UVDA was significantly different depending on the position of the liver, being much wider among those fetuses with liver-up than in those with liver-down. Our observations may facilitate the prenatal recognition of liver intrathoracic herniation in fetuses with left-sided CDH. In this group, liver-up has been consistently shown to be a poor prognostic factor, independently of pulmonary hypoplasia [9] [10] [11] [12] [13] . A recent meta-analysis showed a lower survival rate in CDH cases with intrathoracic liver herniation (45.4%) than in those with the liver confined to the abdomen (73.7%) 10 . Over the last few years an intrauterine surgical approach has been proposed and developed for severe CDH cases, with encouraging results. Nowadays fetal endoscopic tracheal occlusion (FETO) is available in many countries, and seems to improve perinatal outcome 11, 22, 23 . Liver herniation and observed to expected lung area to head circumference ratio (O/E-LHR) as an index of contralateral lung hypoplasia are the main ultrasound features used for the prenatal prediction of neonatal outcomes and for the appropriate selection of candidates for fetal surgery. In particular the antenatal detection of liver-up has been proposed as an entry criterion for FETO in addition to the presence of pulmonary hypoplasia 11, 22, 23 .
Ultrasound detection of liver herniation can be challenging 14 , and the intrathoracic position of the liver seems to be more easily identified by MRI 15, 16 . Our study introduces a new ultrasound method for assessing liver herniation with good accuracy.
Umbilical-vein bowing has been suggested previously as an indirect sign of liver herniation in fetuses with CDH [17] [18] [19] . More recently, Richards and Kays 20 used 2D ultrasound to quantify the degree of umbilical vein deviation, by measuring its distance from the lateral abdominal walls, yielding a good prediction of the liver-up condition in fetuses with CDH. However, in that study the reproducibility of the measurement was not investigated. Thanks to the use of 3D ultrasound, we were able to standardize the sonographic plane for UVDA measurement, which allowed us to achieve highly reproducible data, which we think will be useful for clinical application.
The main strength of this study is that it describes a novel 3D ultrasound method for objectifying umbilical vein bowing with the aim of detecting liver herniation in cases of isolated left-sided CDH -the first to do so.
Some limitations of the study should be recognized. Firstly, fetuses with right-sided CDH were deliberately excluded, as all such cases show as liver-up, and we were interested only in assessing the clinical usefulness of UVDA in diagnosing liver herniation. This is true in cases of left-sided CDH, in which the position of the liver could change prenatal counseling and management. However, we are unable to provide UVDA values in fetuses with right-sided CDH. Secondly, we measured UVDA on the volume acquired at the time of referral, and no follow-up measurements were obtained. This could prove to be a limitation, as there is a possibility that the position of the liver may change later in pregnancy, as herniation could be a progressive phenomenon. Moreover, owing to the small number of affected cases included in our study we did not evaluate whether UVDA varies in accordance with the degree of liver herniation and that of pulmonary hypoplasia. Some authors have found a significant correlation between the degree of liver herniation measured on MRI or ultrasound and the risk of adverse neonatal outcome 12, 13, [24] [25] [26] [27] . It would certainly be interesting in the future to evaluate whether UVDA is also accurate in quantifying the degree of liver herniation and eventually in predicting perinatal outcome. Finally, no attempt was made throughout this study to correlate UVDA findings with the degree of pulmonary hypoplasia measured by means of the O/E-LHR.
Despite these limitations, our method, aimed at recognizing liver herniation in fetuses with left-sided CDH, seems accurate and reproducible. If our data are confirmed in larger series, UVDA may become a valuable sonographic marker in the prenatal management of fetuses with left-sided CDH.
